Air sacs are an important component of the avian respiratory system, and corresponding structures also were crucial for the evolution of sauropod dinosaur gigantism. Inferring the presence of air sacs in fossils so far is restricted to bones preserving internal pneumatic cavities and foramina as osteological correlates. We here present bone histological correlates for air sacs as a new potential identification tool for these elements of the respiratory system. The analysis of several avian and non-avian dinosaur samples revealed delicate fibres in secondary trabecular and secondary endosteal bone that in the former case (birds) is known or in the latter (non-avian dinosaurs) assumed to have been in contact with air sacs, respectively. The bone histology of this 'pneumosteal tissue' is markedly different from those regions where muscles attached presenting classical Sharpey's fibres. The pneumatized bones of several nondinosaurian taxa do not exhibit the characteristics of this 'pneumosteum'. Our new histology-based approach thus can be instrumental in reconstructing the origin of air sacs among dinosaurs and hence for our understanding of this remarkable evolutionary novelty of the respiratory system.
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Air sacs are an important component of the avian respiratory system, and corresponding structures also were crucial for the evolution of sauropod dinosaur gigantism. Inferring the presence of air sacs in fossils so far is restricted to bones preserving internal pneumatic cavities and foramina as osteological correlates. We here present bone histological correlates for air sacs as a new potential identification tool for these elements of the respiratory system. The analysis of several avian and non-avian dinosaur samples revealed delicate fibres in secondary trabecular and secondary endosteal bone that in the former case (birds) is known or in the latter (non-avian dinosaurs) assumed to have been in contact with air sacs, respectively. The bone histology of this 'pneumosteal tissue' is markedly different from those regions where muscles attached presenting classical Sharpey's fibres. The pneumatized bones of several nondinosaurian taxa do not exhibit the characteristics of this 'pneumosteum'. Our new histology-based approach thus can be instrumental in reconstructing the origin of air sacs among dinosaurs and hence for our understanding of this remarkable evolutionary novelty of the respiratory system.
Introduction
Air sacs are bag-like protrusions of the avian lung serving as bellows that move air across the parabronchial gas exchanger [1] . Amniotes exhibit highly diverse lungs, but such a strict spatio-functional compartmentalization is unique among extant vertebrates [2] . Air sacs, furthermore, frequently invade into postcranial bones, which is referred to as postcranial skeletal pneumaticity or pneumatized bones and which can decrease the density of the body [1, 3] . There is consensus that a highly heterogeneous, avian-like respiratory apparatus also was crucial for the gigantic sauropod dinosaurs [4 -12] . Physiological data from crocodylians suggest that a certain characteristic of the avian respiratory apparatus, i.e. unidirectional air flow, may have been present already in basal archosaurs [13] . The evolutionary origin of air sacs and their homology among taxa, however, still remains enigmatic. Pneumatic foramina as entrance points together with cavities within the bones ( pleurocoels) allow us to infer these structures in extinct tetrapods. Avian-like air sacs are assumed to have been present in sauropods and non-avian theropods, and of course in all birds [1, 6, 7, [14] [15] [16] . Air sacs are extremely thin pulmonary protrusions [17] and-especially if functioning in active ventilation-do not necessarily penetrate into bone. Being composed of only a few layers of cells, there is no realistic chance for the fossilization of these delicate structures. The current macroscopic approach using osteological correlates fails to recognize such pulmonary diverticula among species without pneumatized bones. However, it should be expected that the stem taxa that first evolved air sacs did not exhibit skeletal pneumaticity. Pronounced fossae, frequently with a crenulate texture, are considered as potential indications for the presence of avian-like air sacs without underlying pleurocoels, but at present other soft tissues cannot be excluded with certainty from having been associated with these surfaces [14] . Here we introduce a histological approach that allows us to infer the association of avian-like air sacs in bone lacking unequivocal osteological correlates of pneumatization.
Material and methods
We studied the microstructure of several bones of extant and extinct dinosaurs and used pneumatized mammalian and crocodylian cranial bones as negative control. See electronic supplementary material 1 for a complete list of taxa.
Petrographic thin sections were obtained according to standard procedures. Samples of fossil specimens were obtained by coring following [18] and sectioned longitudinally. Both cores of fossils and extant specimens were embedded in epoxy resin (Araldite 2020, Huntsman Advanced Materials) and cut with a rock saw (Buehler). The samples were ground, glued onto glass slides using Araldite 2020, cut again, and were ground once rsbl.royalsocietypublishing.org Biol. Lett. 14: 20170514 again until they had reached the optimal thickness. Samples were coverslipped using UV glue type Verifix LV 740 (Bohle). Scans of the entire petrographic thin sections were taken using an Epson Perfection V750 to obtain overview images. The sections were further examined using a Leica DLMP polarizing microscope. The pictures were taken under normal and cross-polarized light using a Leica DFC420 camera mounted on the microscope, using ImageAccess EasyLab (Imagic Bildverarbeitung AG).
Conventional histological sections were prepared for the blackbird (Turdus merula). The samples were fixed in 4% neutrally buffered formaldehyde solution and afterwards decalcified in 2.5% EDTA. Samples were dehydrated and embedded in methacrylate (Technovit 7100, Heraeus Kulzer). Sections were taken using a Microm HM 350 rotary microtome, stained with 1% toluidine blue and coverslipped. All sections were analysed and photographed using a Zeiss Axio Lab.A1 equipped with a Canon EOS 60D single lens reflex camera.
An interactive three-dimensional model of the Europasaurus holgeri vertebral neural arch can be found in Dryad [19] (see electronic supplementary material 1 for methodological details).
Results and discussion
Europasaurus holgeri, the smallest known sauropod dinosaur, exhibits crenulated fossae on the dorsolateral side of the prezygapophyses of the cervical vertebrae without an underlying pleurocoel [20] (see also electronic supplementary data [19] ). The floor of this fossa has an unusual surface, consisting of loose trabeculae normally seen inside a bone. Histologically, the surface is not composed of cortical bone but rather of secondary trabecular bone. The trabeculae are dominated by densely packed thin parallel fibres, which are inclined at about 30-458 towards the surface. These fibres are markedly different (much finer and thinner) from Sharpey's fibres associated with tendinous insertions of muscles [21] . Sharpey's fibres, in fact, dominate the tissue of the prezygapophysis itself ( figure 1a) .
Internal core drillings of pneumatized vertebrae of Diplodocus sp. revealed the same histology as in the fossa of E. holgeri also in those areas justifiably hypothesized to be lined by avian-like air sacs ( figure 1b,c) . However, locations not likely to be associated with an air-sac-like structure-such as the neural canal (figure 1b), or the trabecular bone inside apneumatic caudal vertebrae (figure 1d)-revealed none of the above. The dense fine fibres in secondary trabecular and endosteoal bone together with the absence of primary cortical bone on the 'outer' surface appear to be a histological correlate that may indicate the association of air-sac-like tissues with the bone. rsbl.royalsocietypublishing.org Biol. Lett. 14: 20170514
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In order to test this hypothesis, we examined the bones of several birds in which it is known where air sacs are present and where not. The analysis of various bones of the ostrich (Struthio camelus), the moa (Dinornis sp.), the grey heron (Ardea cinerea) and the common buzzard (Buteo buteo) revealed tissue characteristics of bone that in the living animal is lined by an air sac, being in full agreement with the histology described for the non-avian dinosaurs above. Similarly, attachment sites for muscles can be discriminated histologically clearly from those where air sacs attach (figures 2a-c and S1). We therefore consider the presence of delicate fibres in secondary endosteal trabecular bone a new histological identification approach for the detection of bony surfaces that were in contact with air sacs. We propose to name this bony tissue 'pneumosteum' or 'pneumosteal bone'.
None of the histological characteristics of pneumosteum were found in any pneumatized mammalian or crocodylian skull bones (figures 2d and electronic supplementary material, S2). However, we found pneumosteum in the pneumatized skull of the rhinoceros hornbill (Buceros rhinoceros) (electronic supplementary material, figure S3 ), which corroborates the assumption that this kind of tissue is restricted to dinosaurs only, or bird-line archosaurs (the condition in pterosaurs still remains unknown). Even though the cranial pneumaticity presumably is not caused by invading air sacs, it nonetheless is in association with soft tissues that derive from the respiratory tract. The absence of pneumosteum in a small passerine bird (Turdus merula; electronic supplementary material, figure S4 ) is interpreted as being due to the absence of secondary bone trabeculae. The vertebrae of the blackbird consist of primary bone only, their small size obviating the need for remodelling in the course of growth. On the functional side it remains a conundrum why pneumosteum is found in the pneumatic bones of certain taxa, but not in others.
However, we propose that pneumosteum in secondary trabecular and endosteal bone in the postcranial skeleton is a histological correlate that in fossil material allows for the microscopic identification of bone with which an avian-like air sac was intimately associated. This new approach is independent of macroscopic structures such as pneumatic foramina or pleurocoels. Thus, it can be instrumental in unravelling the evolutionary history of air sacs by offering access to species and specimens (especially fragmentary ones) that lack such obvious correlates. Extensive and systematically compiled sampling of taxa is required to shed light on our still sketchy knowledge about the presence of avian-like air sacs among dinosaurs. Establishing or refuting the suggestive homology of these structures across this lineage by approaching the origin(s) of this important novelty will be key for understanding the evolution of the respiratory apparatus.
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